Study Design Combination of narrative and systematic literature reviews. Objectives Massive perioperative blood loss in complex spinal surgery often requires blood transfusions and can negatively affect patient outcome. Systemic use of the antifibrinolytic agent tranexamic acid (TXA) has become widely used in the management of surgical bleeding. We review the clinical evidence for the use of intravenous TXA as a hemostatic agent in spinal surgery and discuss the emerging role for its complementary use as a topical agent to reduce perioperative blood loss from the surgical site. Through a systematic review of published and ongoing investigations on topical TXA for spinal surgery, we wish to make spine practitioners aware of this option and to suggest opportunities for further investigation in the field. Methods A narrative review of systemic TXA in spinal surgery and topical TXA in surgery was conducted. Furthermore, a systematic search (using PRISMA guidelines) of PubMed (MEDLINE), EMBASE, and Cochrane CENTRAL databases as well as World Health Organization International Clinical Trials Registry Platform, ClinicalTrials.gov (National Institutes of Health), and International Standard Randomized Controlled Trial Number registries was conducted to identify both published literature and ongoing clinical trials on topical TXA in spinal surgery. Results Of 1,631 preliminary search results, 2 published studies were included in the systematic review. Out of 285 ongoing clinical trials matching the search criteria, a total of 4 relevant studies were included and reviewed. Conclusion Intravenous TXA is established as an efficacious hemostatic agent in spinal surgery. Use of topical TXA in surgery suggests similar hemostatic efficacy and potentially improved safety as compared with intravenous TXA. For spinal surgery, the literature on topical TXA is sparse but promising, warranting further clinical investigation and consideration as a clinical option in cases with significant anticipated surgical site blood loss.
Introduction
Massive blood loss occurs frequently and remains a challenge in complex spinal surgery. [1] [2] [3] [4] Significant intra-and postoperative hemorrhage negatively affects patient outcomes by increasing coagulopathy, postoperative hematoma, and anemia. 5 The need for allogenic blood transfusions can lead to potential transfusion reactions and infections, in addition to increasing long-term mortality rates. 6 There is an economic disadvantage associated with iatrogenic major blood loss relating to the direct costs of the blood products and intraoperative blood salvage technology and indirect costs of prolonged patient hospitalization and complication management. Many efforts have focused on achieving better perioperative blood conservation, in particular through prophylactic intravenous administration of antifibrinolytic agents before and during major surgery. Intravenous administration of the inexpensive but highly efficacious lysine analogue tranexamic acid (TXA) reduces perioperative hemorrhage and the need for blood transfusions by one third in major surgery, 8, 9 including spinal surgery. [10] [11] [12] [13] [14] There also appears to be an increasingly established role for topical TXA (tTXA) in orthopedic and cardiac surgery to attenuate the perioperative blood loss from the surgical site.
15
Here, we first provide a narrative literature review with the rationale to succinctly review the pharmacology of TXA and discuss the current status of its clinical use in spinal surgery. Beyond illustrating the clinical evidence for intravenous TXA as an efficient hemostatic agent in this surgical discipline, we also discuss the increasing use and potential of tTXA in surgery. Furthermore, we have performed a systematic review of existing publications and ongoing clinical trial protocols on tTXA for spinal surgery, to summarize the rationale of this complementary option to reduce postoperative blood loss from the surgical site.
Methods
For the narrative review, we focused on summarizing the mechanisms of action and clinical pharmacology of TXA, illustrating the clinical evidence for its application as a systemic hemostatic agent in spinal surgery as well as discussing an emerging role for its topical use in different kinds of surgery.
For the systematic review, we followed the PRISMA guidelines to identify and review the published literature as well as the currently registered clinical trials on use of tTXA in spinal surgery. 16 To identify the relevant published clinical literature (case-control studies, cohort studies, randomized controlled trials [RCTs] , meta-analyses), a systematic search of Ovid EMBASE, Ovid MEDLINE, and CENTRAL (Cochrane Library Trials) databases was conducted on March 20, 2015 using the MeSH terms "tranexamic acid (including synonyms: t-amcha, amcha, cyklokapron, transamine)" AND "surgery." For EMBASE, the available "Search Limits" feature was used to refine the search for "Clinical Trials." Titles and abstracts of the publications in the search results were manually screened for subject relevance, followed by whole-publication screening of potential candidates. Studies were included if they (1) assessed patient groups undergoing any kind of spinal surgery, (2) investigated tTXA as an independent variable for hemostatic control in spinal procedures, (3) provided any form of outcome measure to evaluate perioperative (i.e., intra-and/or postoperative) blood loss. Those studies using intravenous route of TXA administration were excluded and all duplicates were removed.
To identify ongoing clinical trials on use of tTXA in spinal surgery, three major clinical trial registries were searched on March 20, 2015: ClinicalTrials.gov (U.S. National Institutes of Health), World Health Organization (WHO) International Clinical Trials Registry Platform (ICTRP), and the International Standard Randomized Controlled Trial Number (ISRCTN). The search terms included "tranexamic acid" AND "surgery." All search results were manually screened by title and protocol for subject relevance and then underwent the same selection procedure used for published results (outlined previously).
Data extraction and subsequent analysis of published studies and current registered clinical trials selected for systematic review were performed manually by two independent reviewers (S.F.W. and C.S.). From published studies, data was sought for (1) participants/condition (sample size, type of surgery), (2) interventions (dosing/preparation, intraoperative time point and procedure of tTXA administration), (3) comparisons (control groups, type of placebo used), (4) outcome measures (direct and/or indirect measurements of intra-and/or postoperative blood loss, changes in blood transfusion requirements, systemic exposure following tTXA administration, markers of patient recovery, risk of thromboembolic and other adverse events), and (5) study design (type of study, setup of intervention and comparisons, times of postoperative follow-up). From protocols of current clinical trials, data was sought for (1) participants/condition, (2) interventions, (3) comparisons, (4) outcome measures, (5) study design, (6) inclusion and key exclusion criteria.
There were no language restrictions in our searches. There were no specific date restrictions for searched articles, although articles published before 1962 preceded the discovery of TXA.
Results

Pharmacology of Tranexamic Acid
Okamoto et al discovered trans-4-aminomethyl-cyclohexanecarboxylic acid (tranexamic acid) as a potent antifibrinolytic superior to the previously used antifibrinolytic lysine analogue episilon-aminocaproic acid. [17] [18] [19] TXA has received widespread approval and clinical use as a hemostatic agent, in particular following the 2007 preliminary withdrawal and ongoing controversy associated with aprotinin, a direct inhibitor of free plasmin. 20 Since 2011, it is also included on the WHO list of essential medicines.
21
TXA is a synthetic lysine analogue that interferes with fibrinolysis through binding reversibly and competitively to lysine-binding domains on plasminogen, plasmin, and tissue plasminogen activator (►Fig. 1). 22 It chiefly works by attenuating the binding capacity of plasminogen and tissue plasminogen activator to fibrin, thereby decreasing the subsequent conversion of plasminogen to the enzymatically active serine protease plasmin, which leads to dissolution of fibrin clots.
23,24
TXA is most commonly administered systemically and at 10 mg/kg intravenous administration has a half-life of around 80 minutes, reaching peak plasma concentrations within 1 hour postinjection. 25 As TXA is eliminated renally, appropriate dose adjustments have to be made with patients suffering from renal impairment. 26 Optimal dosing for intravenous TXA (ivTXA) is unknown; however, there is general consensus that ivTXA is clinically efficacious at doses of 10 to 15 mg/kg (or 1 g), with higher doses providing little additional hemostatic benefit. 8, 12, 27 This observation is reflected by in vitro studies showing that ivTXA has high tissue penetrance and absorption, with doses of 10 mg/kg reaching 80% inhibition of fibrinolysis in tissue removed from patients who received TXA systemically during surgery. 28 For most kinds of surgery, including spinal surgery, ivTXA is administered as a bolus dose (10 to 20 mg/kg) preoperatively and/or as a maintenance infusion (1 to 10 mg/kg/h) during the operation, most commonly at doses of 10 mg/kg followed by infusion of 1 mg/kg/h.
22,24
Systemically administered TXA can penetrate the bloodbrain barrier and distribute throughout the central nervous system (CNS) and eye, where it reaches the cerebrospinal fluid and aqueous humor concentrations at around 10% of TXA plasma concentrations. 22 ivTXA has been used at higher doses (!100 mg/kg) in cardiopulmonary bypass (CPB) surgery, where it was found to produce epileptogenic side effects leading to postoperative convulsive seizures in a subgroup of susceptible patients. 
33-35
Despite a lack of evidence in the literature, there remains considerable uncertainty regarding a theoretical thrombogenicity of TXA.
36 Most meta-analyses assessing association of TXA with thromboembolic events (TEs) have reported inconclusive findings, because RCTs are underpowered due to small sample sizes and because reporting of thromboembolic complications is often biased and poorly communicated. 9 The potential risk of TEs would likely vary across different surgical disciplines and specific patient groups, with a higher expected cumulative risk in cardiovascular procedures owing to the type of surgery, patient factors, and more frequent use of high-dose ivTXA. Importantly, the CRASH-2 (Clinical Randomisation of an Antifibrinolytic in Significant Hemorrhage) trial assessing the hemostatic effects of TXA in over 20,000 adult trauma patients found no increase in thromboembolic risk but did find a decrease in postoperative myocardial infarction in TXA-treated patients. 37 Similarly, a large retrospective cohort study (510 U.S. hospitals, n ¼ 872,416 patients) on perioperative ivTXA use in arthroplasty surgery revealed no increase in complications, including TE and renal failure, in patients treated with the drug. 38 In addition,
Neilipovitz has pointed out a need to raise awareness about the pharmacodynamics of antifibrinolytics in hemostasis to curtail a common misconception in the medical community that lysine analogues work like procoagulant drugs and increase blood clotting.
3
Use of Intravenous Tranexamic Acid in Spinal Surgery
Intravenous use of the antifibrinolytic agent TXA in the management of bleeding is well established. 39, 40 The results from the CRASH-2 trial have confirmed its efficacy in significantly reducing mortality from trauma-related bleeding. Specifically, mortality is reduced to 5.3 from 7.7% in the placebo group when TXA is administered within 1 hour of injury occurrence. The potential clinical impact of providing routine ivTXA administration to all patients with or at risk of trauma-related hemorrhage has been estimated at a reduction of the global number of deaths by 120,000 annually.
39
Beyond its use for trauma-related hemorrhage, 41 ivTXA has found major applications in other hemorrhagic conditions, including postpartum hemorrhage, 42 menorrhagia, 43 and many kinds of surgery. 24 Ker et al have conducted several meta-analyses to identify efficacy of ivTXA as a hemostatic agent in surgery, reporting a one-third reduction in blood loss from surgery (104 trials, n ¼ 8,030 patients) and similarly a 38% reduction in the probability of receiving a blood transfusion (95 trials, n ¼ 7,838 patients) in patients receiving treatment.
8,9
Although used extensively in orthopedic and cardiac surgery, [44] [45] [46] [47] ivTXA is also becoming a standard of care for bleeding management in spinal surgery. The prevalent clinical use and hemostatic benefits of ivTXA in spinal surgery are reflected by multiple meta-analyses of relevant RCTs that consistently reported its efficacy in reducing blood loss from surgery and a concurrent reduction in the need for allogenic blood products. 8, [10] [11] [12] [13] [14] 48 The RCTs were performed for patients undergoing posterior instrumented spinal surgery for thoracic/lumbar instability or scoliosis.
49-62 In one RCT conducted in our institution, Wong et al demonstrated the hemostatic benefits of ivTXA (10 mg/kg initial bolus and 1 mg/kg/h maintenance infusion until skin closure) on patients (n ¼ 147) undergoing elective posterior thoracic/lumbar instrumented spinal fusions. 49 Total perioperative blood loss was reduced by 25 to 30% in ivTXA-treated patients corresponding to higher postoperative hemoglobin levels as well as reduced frequency and amount of transfused cell saver blood in the treatment group. ivTXA has also been used for hemostasis in cervical spinal procedures and spinal tumor surgery 63, 64 ; several RCTs have demonstrated its beneficial effects in overall complex spinal surgery procedures. 65, 66 An RCT conducted by Elwatidy et al involving patients (n ¼ 64) undergoing different kinds of major, mostly multilevel, spinal surgery used a high-dose protocol (2 g loading dose for adults or 30 mg/kg for children, followed by a maintenance dose of 100 mg/h for adults or 1 mg/kg/h for children) of ivTXA, which was continuously administered up to 5 hours after the surgery. 65 Total blood loss in the treatment group was reduced by almost half, with a 48% reduction intraoperatively and 55% reduction in postoperative drain output. In summary, the established hemostatic role of ivTXA in surgery extends to the field of spinal surgery, where the current literature confirms the efficacy and suggests the safety of ivTXA in consistently reducing perioperative blood loss and blood transfusion requirements associated with major spinal surgery. Just like in other hemorrhagerelated conditions, there is no optimal dosing regimen for TXA in spinal surgery. However, its known efficacy at relatively low doses was also demonstrated for spinal surgery. 8, 12, 27, 49 Future RCTs should investigate whether prolonged ivTXA administration beyond the perioperative period is safe and provides additional hemostatic benefit following skin closure.
65
Use of Topical Tranexamic Acid in Surgery
The unresolved discussion about potential thrombogenic risks as well as rare but known epileptogenic side effects and restrictions of using TXA systemically in patients with clotting disorders or renal impairment have prompted investigations on the use of tTXA for bleeding management. Moreover, the fact that excessive fibrinolysis as a result of acute consumptive coagulopathy from surgical trauma is most severe in the surgical wound itself and often persists throughout the postoperative period has sparked interest in exploring whether topically applied antifibrinolytics might improve the current standard of care for hemostasis in surgery.
15
tTXA has been used to control hemorrhage in dental extraction and epistaxis, [67] [68] [69] and applications in many varieties of surgery are now increasingly identified. tTXA application is widely established in major orthopedic surgery, particularly for hip and knee arthroplasty, [70] [71] [72] [73] [74] [75] [76] [77] where it is applied via intra-articular injection or irrigated into the wound before skin closure.
Ker et al performed a large systematic review (29 RCTs, n ¼ 2,612 patients) to investigate the hemostatic effects of tTXA in surgery. 78 Out of 28 surgical trials, tTXA was either applied as irrigation directly into the wound before skin closure in 24 RCTs or by means of intra-articular injection in several RCTs involving arthroplasty surgery. The effects of tTXA on blood loss were reported in 18 RCTs, the majority of which involved either cardiac (7 RCTs, n ¼ 511 patients) or knee arthroplasty (5 RCTs, n ¼ 427 patients) surgery. tTXArelated reduction in blood loss was highly significant in both types of surgery as well as in otolaryngologic surgery (2 RCTs, n ¼ 456 patients) and spinal surgery (2 RCTs, n ¼ 130 patients), resulting in an overall reduction of blood loss by 29% in tTXA-treated patients. This percentage is comparable to what has been reported for intravenously administered TXA. 8 Furthermore, tTXA reduced the risk of receiving a blood transfusion by 45% (14 RCTs, n ¼ 1,523 patients), exceeding the average risk reduction documented for ivTXA.
9
The Society of Thoracic Surgeons and the Society of Cardiovascular Anesthesiologists now recommend both ivTXA and tTXA for surgical bleeding management, 15 and it is expected that this rationale will be adopted in other surgical disciplines as tTXA becomes increasingly established. For knee arthroplasty, several RCTs have directly compared tTXA to ivTXA performance, 71,79 demonstrating noninferiority of tTXA for blood loss reduction, blood transfusion requirement, and thromboembolic risk compared with systemic administration of the drug. Similar findings were also reported in a recent meta-analysis comparing the two routes of TXA administration in arthroplasty. 80 An RCT conducted at our institution first demonstrated the beneficial hemostatic effects of using tTXA in arthroplasty, 70 which is now becoming a popular blood conservation strategy. Wong et al observed a 20 to 25% reduction in postoperative blood loss following a 5-minute application of 1.5 g or 3 g tTXA via irrigation before wound closure. 70 TXA plasma levels at 1 hour postoperatively were minimal and $70% smaller than the average levels present when TXA is used systemically. Several other studies also report minimal postoperative systemic absorption following tTXA application, [81] [82] [83] estimated at only one-tenth of the concentration observed with ivTXA treatment.
78
Furthermore, substantial economic benefits were demonstrated in a cost analysis, where tTXA reduced blood transfusion-related cost by two thirds. TXA itself is relatively inexpensive and deemed a highly cost-efficient drug. 84 It has been pointed out that other commonly used topical hemostatic agents such as fibrin sealants or spray have several disadvantages, as they are much more expensive than TXA and are derived from human plasma, bearing a small but relevant risk for infection. 70 The blood conservation-related cost-saving aspects of tTXA in arthroplasty are evident and would suggest similar economic benefits in other surgical fields.
85-89
Analogous to ivTXA, no definite dosing protocol for tTXA has yet been established. However, unlike systemically administered TXA, dosing of tTXA will presumably vary more across different types of surgery as it can be tailored toward the extent of hemorrhage. Ker et al found that doses of tTXA administered in the RCTs assessing blood loss (18 RCTs, n ¼ 1,651 patients) were highly heterogeneous (ranging from 0.7 mg to 100 mg/mL of saline solution); however, the observed hemostatic effect was not dose-dependent. 78 This result likely suggests effective tissue absorption and distribution of locally applied TXA and dose-response properties comparable to systemic TXA, which is highly efficacious already at relatively low doses (i.e., 10 mg/kg [or 1 g] initial bolus with 1 mg/kg/h maintenance dose).
27
In summary, the current literature indicates that TXA has been used topically in several surgical disciplines and may have comparable hemostatic efficacy to systemic administration of the drug, albeit optimal dosing protocols remain to be established. Noninferiority of topical use has been demonstrated in arthroplasty and CPB surgery and further RCTs are needed to determine benefits across other surgical procedures. The clinical rationale for using a local and more targeted treatment strategy to manage surgical bleeding is evident, and the resultant minimization of systemic exposure suggests that patients at higher risk for TE, renal impairment, or epilepsy-where ivTXA use would be relatively contraindicated-might safely benefit from its topical use. In addition, a combinatorial treatment protocol with ivTXA and tTXA has been described and is a promising strategy that might augment hemostasis and perhaps reduce the current dose of ivTXA needed to achieve good hemostatic results, thus further diminishing potential side effects.
90
Use of Topical Tranexamic Acid in Spinal Surgery
Existing medical literature on ivTXA for spinal surgery suggests that it is highly efficacious and is increasingly becoming established as a clinical option to reduce perioperative blood loss from the surgical site.
10-14 Similar to cardiac and arthroplasty surgery, considerable postoperative blood loss occurs after complex spinal surgery. The fact that tTXA has been successfully used to attenuate postoperative hemorrhage and blood transfusion requirements in these surgical disciplines provides a rationale for investigating its suggested benefit for postoperative hemostasis in the field of spinal surgery. Our systematic search revealed a small number of case series on the use of tTXA for spinal surgery. Following, we give a detailed analytical account of the existing published literature (n ¼ 2) as well as relevant ongoing clinical trials (n ¼ 4) on tTXA use in spinal surgery. Subsequently, we discuss strategies for implementation of clinical trials on tTXA in spinal surgery. All analyzed articles and protocols of ongoing clinical trials were written in the English language except where indicated.
Published Literature
A total of 1,631 preliminary articles (RCTs, meta-analyses, and systematic reviews) matched our search criteria (n ¼ 511 in Ovid EMBASE; n ¼ 755 in Ovid MEDLINE; n ¼ 365 in CEN-TRAL). The title and abstract of these articles were subsequently screened for subject relevance, revealing 76 potentially relevant articles (n ¼ 20 in Ovid EMBASE; n ¼ 29 in Ovid MEDLINE; n ¼ 27 in CENTRAL), which were selected for whole-publication screening. Duplicates and studies using ivTXA (n ¼ 74) were subsequently rejected, resulting in a total of 2 clinical studies on use of tTXA in spinal surgery (►Fig. 2), for which data extraction, data analysis, and interpretation (including a judgment on risk of bias) were performed by the reviewers.
In a placebo-controlled study, Krohn et al investigated the impact of tTXA on postoperative blood loss as well as the fibrinolytic activity in patients with lower back pain undergoing elective lumbar instrumented spinal fusion surgery (n ¼ 30 patients; 16 received tTXA and 13 received placebo, i.e., saline only).
91 tTXA (500 mg in 50 mL saline solution) was applied via irrigation for 2 to 5 minutes before removal of excess fluid and wound closure. The median postoperative blood loss at 18 hours, as measured by drain output, was reduced by half in patients receiving the treatment (252 mL with tTXA versus 525 mL without). Postoperative blood loss thus accounted for 35% of total blood loss, as opposed to 61% in patients receiving placebo, likely demonstrating the locally sustained hemostatic efficacy of tTXA. Following the surgery, tTXA-treated patients also required less autologous blood transfusions from salvaged blood (n ¼ 2 in tTXA group versus n ¼ 9 in placebo group), which was routinely given when blood loss exceeded 150 mL in the first 6 hours postoperatively. The authors also measured markers of fibrinolysis, plasmin/α2-antiplasmin complex and D-dimers, arterially before wound closure and in the drainage tube after wound closure and 1 hour postoperatively. The postoperative increase of both fibrinolytic markers was significantly attenuated in the tTXA-treated patients as compared with controls, suggesting that the observed reduction in blood loss was indeed mediated by the antifibrinolytic activity of tTXA. Although these results indicate the promising hemostatic efficacy of tTXA in major spinal surgery, the sample size was quite small and several methodological uncertainties may exist. Although the patients were assigned randomly to different intervention groups, it is unclear whether the authors used adequate allocation concealment to prevent a potential selection bias. Moreover, the authors did not report any data on complications such as risk for TE and did not measure postoperative TXA plasma levels to assess systemic exposure.
In a placebo-controlled study, Saberi and Miri assessed the effect of tTXA on postoperative blood loss and on the duration of hospitalization in patients undergoing either unilateral one-level (n ¼ 50) or bilateral two-level (n ¼ 50) decompressive laminectomy. 92 In the treatment groups, 250 mg TXA dissolved in 5 mL saline solution was "spray poured" onto the surgical field 5 minutes before wound closure. The blood loss, as assessed by drain output, was significantly reduced at 24 and 48 hours postoperatively in both tTXA-treated study groups, with overall values ranging between 30 and 70% across time points and procedure types for tTXA-related blood loss reduction. In the patient group receiving unilateral one-level laminectomy, the effect was most strongly pronounced during the second postoperative day (24 to 48 hours), as blood loss was reduced by 70% (35 AE 32 mL versus 116.4 AE 43.5 mL) in tTXA-treated patients. In addition, the postoperative duration of hospitalization was reduced (2.16 AE 0.37 versus 2.96 AE 0.89 days) in the tTXA-treated patients, indicating faster patient recovery. The authors did not measure postoperative TXA plasma levels to assess systemic exposure. No data on complications such risk of TE was reported. Several methodological uncertainties may exist. It is unclear whether allocation to intervention groups occurred randomly and was adequately concealed (potential selection bias). Blinding of practitioners during subsequent outcome assessment is not reported (potential detection bias). This study advocates for the use of tTXA in minor spinal procedures such as one-or two-level decompressive laminectomies, where the blood loss is usually not severe.
Although it is conceivable to use tTXA in minor spinal surgery, its hemostatic role may be much more pronounced in major multilevel instrumented procedures.
Ongoing Clinical Trails
Out of 285 ongoing clinical trials (n ¼ 125 in ClinicalTrials. gov; n ¼ 147 in WHO ICTRP; n ¼ 13 in ISRCTN registry) matching our search criteria, manual screening by title and protocol revealed a total of 3 ongoing RCTs and 1 prospective cohort study investigating the use of tTXA for spinal surgery (see ►Table 1 for details).
93-96
The trials intend to use tTXA in elective instrumented spinal surgery for adult and pediatric spinal deformity, 93, 95 elective instrumented thoracic/lumbar spinal surgery strictly for spinal stenosis, 94 or instrumented thoracic/lumbar spinal surgery for combat-related spinal trauma. 93 tTXA is compared with saline irrigation placebo or ivTXA or both.
A tTXA irrigation is typically poured into the surgical field before wound closure, with dosing protocols ranging from 10 mg/kg (i.e., around 1 g) to 3 g of tTXA in saline solution. A generic primary outcome measure of all four studies is the presumed tTXA-related reduction in blood loss, quantified both intra-and postoperatively as well as indirectly by the incidence and/or amount of the blood transfusion requirements. Notably, Miyanji and Kilb only assess intraoperative blood loss and also use an active control group receiving ivTXA in their RCT. 95 A definite advantage of this study design is direct intergroup comparison between the topical and intravenous route of TXA administration. The fact that blood loss is quantified only intraoperatively raises an important question about the time point selected for intraoperative tTXA application, left unspecified in the study protocol. Because ivTXA bolus treatment in the active control group occurs before skin incision and is maintained throughout the procedure, we can only speculate that tTXA will be applied in a similar temporal manner (i.e., toward the beginning of the procedure or perhaps as multiple irrigations throughout the procedure).
Beyond the above-mentioned outcome measures, Wood et al will assess the length of hospital stay as an indirect correlate for patient recovery/outcome. 94 A limitation of this RCT is the apparent lack of assessment of tTXA-related complications, included in the other studies. Lehman et al provide the only study protocol reporting a detailed description of the tTXA application procedure and time point, 93 using an administration protocol previously used in spinal surgery. 91 Moreover, several important secondary outcome measures regarding tTXA safety/systemic exposure and its impact on wound healing, overall treatment cost, and long-term patient quality of life are considered in this RCT. All study protocols list key exclusion criteria for patients with conditions known or suspected to elevate the risk of developing potential TXA-related side effects, such as a history of TEs and/or coagulopathy, a history of convulsive disorders or dural disruption (due to known epileptogenic/ neurotoxic properties of TXA when in direct contact with CNS tissue), and renal impairment. 
Discussion
Our review of the literature suggests that use of ivTXA has become an accepted approach in the systemic management of surgical bleeding and trauma-related hemorrhage, reducing both perioperative blood loss and the need for allogenic blood transfusions by one third. For spinal surgery, the available clinical evidence confirms a similar hemostatic benefit and prevalent clinical use of ivTXA in this field. [10] [11] [12] [13] [14] As TXA has been extensively studied and used clinically as a hemostatic agent since the 1960s, its pharmacology is very well understood, and efficacious intravenous dosing protocols have been established for its clinical use. Serious systemic side effects following intravenous TXA exposure are quite rare but do exist. There remains an unresolved theoretical concern about the potential thrombogenicity of the drug, which has fostered investigations on using the topical route of TXA administration as a potentially safer and more targeted intraoperative hemostatic strategy. We found that tTXA is most widely established in cardiac and arthroplasty surgery, providing at least equal hemostatic benefit particularly in the postoperative period and minimal systemic exposure as compared with ivTXA. For spinal surgery, our systematic search revealed that very few (albeit promising) published studies exist, reporting at least similar hemostatic efficacy of tTXA in attenuating the postoperative bleeding. As outlined previously, these studies have relatively small sample sizes as well as some methodological limitations; their results have to be interpreted with caution, but they do suggest that tTXA might soon find wider applications in spinal surgery. Beyond these considerations, we cannot completely rule out the possibilities of a publication bias in the medical literature and that other relevant studies may not have been detected by our systematic search strategy, which was limited to selected major international databases and clinical trial registries and was further restricted by the kinds of search terms included. However, we do believe that the four ongoing studies we identified will provide additional insights and may support the sparse but promising available literature on the use of tTXA in spinal surgery. Their combined objectives address several important unanswered questions related to tTXA's hemostatic efficacy (reduction in blood loss and blood transfusion requirements), potential performance difference to ivTXA treatment, safety (in particular risk for TE), impact on patient outcome (hospital stay duration, patient quality of life), and impact on cost. We recommend that all of these should ideally be included in future RCTs investigating this topic. Furthermore, we have identified several research questions and methodological strategies we believe will help with the study and implementation of tTXA for hemostatic use in spinal surgery.
The optimal time point of intraoperative tTXA application in spinal surgery is unknown, and whether tTXA can provide efficacious hemostasis intraoperatively remains to be established. Future RCTs should assess the relative efficacy of different potential tTXA delivery time points, such as after surgical exposure, after osteotomy, after hardware installation, or just before wound closure. Intra-and postoperative blood loss should therefore be included as corresponding outcome measures. No optimal topical application dosing is established. To our knowledge, only saline-based irrigations of tTXA have been used. The extent of tTXA tissue absorption following a given duration of applied irrigation has not been quantified and should ideally be assessed by collecting corresponding tissue samples after tTXA application for subsequent analysis of residual fibrinolytic activity. Alternative delivery methods, such as using drug-soaked absorbable gelatin compressed sponge, to control bleeding should be explored.
Experimental studies should assess the tissue absorption and dose-response properties of tTXA. The optimal therapeutic dosing of tTXA should then be identified in RCTs using multiple safe dosing protocols with varying tTXA concentrations. Only Lehman et al have included assessment of systemic exposure following tTXA treatment in their study 93 ;
this assessment should be a routine measure to quantify the safety improvement suggested for the topical route of TXA administration. Similarly, follow-up assessment of complication rates should be standardized across different RCTs and include more objective, high-sensitivity measures such as use of Doppler ultrasound for deep vein thrombosis detection and renal function monitoring beyond the perioperative period. Combinatorial (tTXA þ ivTXA) studies may demonstrate additional hemostatic benefit.
90 RCTs using this design in spinal surgery are warranted. Moreover, the RCT inclusion criteria should focus on the right type of surgery (i.e., major multilevel spinal surgery with adequate duration [>3 hours] where substantial blood loss is expected to occur). Apart from assessing perioperative blood loss and blood transfusion requirements, we recommend RCTs should include the rate of postoperative wound complications, such as infection, in their outcome measures. Improved hemostasis under tTXA will likely reduce postoperative hematoma formation, an identified risk factor for bacterial wound infection, and accelerate removal of the blood drainage tube. 97 In addition, RCTs should include the duration of hospital stay as a correlate for patient recovery in secondary outcome measures, 93 as evidence suggests it may be reduced by tTXA treatment. 92 Analogously, potential economic advantages of tTXA (i.e., reduction of patient hospitalization time and blood product use) should be quantified by a cost analysis.
93
Conclusion ivTXA in spine surgery and tTXA in other forms of surgery have become widely accepted hemostatic strategies. tTXA is at the cusp of becoming intensely studied in spinal surgery. We recommend that future trials compare tTXA to ivTXA alone or in combination in major spinal surgery that would generally require blood transfusions. Intraoperative and postoperative blood loss, blood transfusion requirements, length of hospital stay, and adverse effects (specifically TE rate) are important outcome measures. Further research is required to understand the pharmacodynamics of tTXA administration and establish ideal dosing and timing protocols. 
